Interleukin 17 (IL-17) is a family of pro-inflammatory cytokines discovered in 1993. IL-17 drives an important pathogenic pathway in rheumatoid arthritis (RA), leading to and sustaining chronic inflammation. The recognition of this role made IL-17 a potential therapeutic target of biological drugs. In the current study, meta-analytical data on the effect of anti-IL-17 therapy in RA revealed that secukinumab and ixekizumab were effective in generating significant responses, but brodalumab was not. In terms of safety, anti-IL-17 therapy did not significantly increase the overall risk of any side effects compared to placebo, but the analysis of individual side effects revealed an increased risk of infection. Evidence suggests that the involvement of IL-17 which can be sensitive to treatment occurs early in the disease process. This would explain the seemingly limited success of anti-IL-17 targeted therapy found by RA studies so far. Trials recruiting asymptomatic and early symptomatic RA patients are needed to confirm this hypothesis.
Introduction
The pathogenesis of chronic inflammation in rheumatoid arthritis (RA) consists of the activation of a large number of cells contributing to the immune and inflammatory responses and involvement of a cascade of pro-inflammatory cytokines such as tumour necrosis factor (TNFα) and interleukins (IL) [3, 63] . The understanding of this pathogenic mechanism, along with advances in biopharmaceutical technology (recombinant deoxyribonucleic acid technique), lead to the development of revolutionary drugs with more specific cellular and highly specific molecular targets. The currently approved biologic drugs for RA include anti-T cell agent abatacept, anti-B cell agent rituximab, anti-TNFα agents adalimumab, certolizumab, etanercept, golimumab, and infliximab, anti-IL-6 agents tocilizumab and sarilumab and anti-IL-1 agent anakinra. By targeting a specific component of the immuno-inflammatory network in RA, therefore eliminating or diminishing its pathogenic role, these drugs proved to be efficacious in controlling disease activity and achieving disease remission defined using composite indexes including joint counts, levels of acute phase reactants and patientreported outcomes. Of note, none of these drugs were able to induce disease remission in all treated patients or even low disease activity -a fact which proves the complexity of the disease process. A newcomer to the RA inflammatory network is IL-17. The recognition of its role in generating and sustaining chronic inflammation in RA suggested IL-17 as a potential therapeutic target of biological drugs. This review will briefly account IL-17 biology, examine its role in the pathogenesis of RA and analyse the therapeutic progress made so far by targeting IL-17 in RA.
Biology aspects of IL-17
Properties of IL-17 IL-17 was discovered in 1993 in rodent activated Tcell hybridoma [61] . It revealed high resemblance to the HVS13 herpes virus gene and therefore it has historically been known as cytotoxic T-lymphocyteassociated antigen 8 (CTLA-8) [37] . Proteomics and genomics revealed that there are six members pertaining to the IL-17 family (IL-17A-F) [41] , all with different structure and low resemblance with other cytokines. The human genome is coded differently concerning the IL-17 cytokines: chromosome 6p12 for IL-17A and IL-17F, chromosome 5q32 for IL-17B, chromosome 16q24 for IL-17C, chromosome 13q11 for IL-17D and chromosome 14q11 for IL-17E (currently renamed IL-25 due to its structural and functional homology with IL-17 family [19] ). The most relevant for autoimmunity and the most studied members are IL-17A and IL-17F [47] due to their marked pro-inflammatory activity. Human IL-17A is a 32 kDa homodimeric cytokine with approximately 155 amino acids per monomer (Figure 1 ). IL-17A is especially expressed on epithelia and mucosa [41] and its function is to provide host immunity for microorganisms. IL-17A can also form heterodimers with IL-17F, but with less biological activity [53] . IL-17-producing cells IL-17 is mainly produced by T helper 17 (Th17) cells, a distinct subpopulation of CD4+ T cells. However, other immune cells can contribute to the production of IL-17: natural killer cells, myeloid cells, B cells [65] , memory T cells [11] and γδ T cells [10] can produce IL-17 when activated. Likewise, mast cells account for a significant percent of the local production of IL-17 in the synovium [29] , while CD70+ CD4+ T cells contribute to the systemic production of IL-17 [54] . Even non-immune cells, like epithelial cells, can produce IL-17 [48] . Th17 differentiate from naïve CD4+ T cells in an inflammatory milieu and develop by stimulation with pro-inflammatory cytokines (transforming growth factor -TGFβ, IL-1β, IL-6, IL-21, IL-23) [35] and prostaglandin E2 (PGE2 [76] ), but their development is inhibited by Th1 and Th2 cells through their specific cytokines (interferon -IFNγ, IL-4) [60] . These relatively newly discovered cells differ from Th1 and Th2 cells [25] by their cytokine production profile (IL-6, IL-17, IL-21, IL-22, IL-26, granulocyte-macrophage colony-stimulating factor -GM-CSF, TNFα, but not IL-4 and INFγ) [60] and by their receptor expression profile (CC chemokine receptor 2 -CCR2, CCR4, CCR6, IL-23R, killer cell lectin-like receptor B1 -KLRB1) [60] . The physiologic function of Th17 cells is host defence against pathogens (for example by regulation of tissue inflammation), but their involvement in autoimmunity has been well documented, including chronic inflammatory rheumatic diseases such as RA [4] , spondyloarthritis [68] and psoriatic arthritis [49] . IL-17 receptors and signalling There are five homologous receptors which bind members of the IL-17 cytokine family: IL-17RA and IL-17RC (which bind IL-17A and IL-17F), IL-17B (which binds IL-17E), IL-17D (an orphan receptor which regulates IL-17RA signalling [50] ) and IL-17RE (which binds IL-17C) [41] . All of these receptors are transmembrane proteins with an extracellular fibronectin III-like domain and an intracellular SEF/IL-17R (SEFIR) domain [37] .
Figure 1.
Structure of human IL-17A (left; X-ray diffraction at 2.48 Å resolution -PDB ID: 4HR9 [43] ) and IL-17F (right; X-ray diffraction at 2.85 Å resolution -PDB ID: 1JPY [32] ). IL -interleukin; PDB -protein database IL-17RA (CD217) is a type I transmembrane glycoprotein coded on chromosome 22q11 and is ubiquitously expressed on somatic cells. In association with IL-17RC, IL-17RA forms a heteromeric receptor complex through which IL-17A and IL-17F induce their pro-inflammatory effects [37] . The activation of pro-inflammatory genes can be a singular effect of IL-17A/F signalling or can occur in synergy, or additively, with other pro-inflammatory cytokines (for example TNFα) [62] . Another effect of IL-17 signalling is the stabilization of messenger ribonucleic acid (mRNA) coding pro-inflammatory proteins [72] : mRNA molecules are protected from degradation and therefore are available for more protein synthesis. These effects (induction of proinflammatory genes and mRNA stabilization) are mediated through the adaptor protein Act1 [59] and tumour necrosis factor receptor associated factors (TRAF; [26] ; Figure 2 ). 
Th17 cells and IL-17 in RA Th17 cells and IL-17 in the pathogenesis of RA
IL-17 seems to be involved in all stages of RA, from genetic predisposition to its structural hallmark endpoint of joint erosion. Recent metaanalyses revealed that polymorphisms of IL-17 genes are associated with RA susceptibility [39] .
Other studies report similar findings in different populations: Polish carriers of rs763780 IL-17F polymorphism have a higher risk for RA [8] ; Chinese carriers of IL17A rs3819025 and rs8193036 alleles have an increased risk of RA [67] ; similarly, North-African [46] and Hispanic [20] carriers of IL-17 polymorphisms have a higher risk of RA. An interesting observation on the genetic risk for RA was made by Leipe et al [40] , who reported that a polymorphism of the IL-4 receptor (rs1805010) on Th17 precursors leads to an expanded Th17 population and is associated with poor clinical outcome. This observation proves the importance of Th17 cells and their cytokines in the pathogenic process of RA. If the complex genetic risk manifests pathogenically, the patients begin to develop RA features, like autoantibodies, even before the onset of clinical arthritis. This supposedly long pathogenic process may also involve Th17 cells and IL-17 production. Observational studies have reported high numbers of peripheral Th17 cells in treatment-naïve patients with early RA [74] , with increased fractions of these cells being detected in their synovium and synovial fluid [56] . As fundamental research suggests, circulating Th17 cells are infiltrating RA synovial membranes by a process of chemotaxis involving their CCR6 and C-C motif ligand 20 (CCL20) produced by fibroblastlike synoviocytes (FSC) [27] . These Th17 cells can be stimulated to produce IL-17 by local proinflammatory cytokines, such as TNFα and TNFrelated weak inducer of apoptosis (TWEAK) [55] . The transcriptional activation of the IL-17 gene is possibly stimulated by epigenetic modifications of IL-17 locus (histone H3 acetylation, Lys-4 trimethylation) induced by Th17 differentiation regulators, such as transcription factor 1 (TCF-1) [6] . Observational studies have consistently reported that RA patients have higher levels of serum and synovial fluid IL-17 compared to normal subjects [58] and osteoarthritis patients [38] , findings which were confirmed by a recent metaanalysis of 14 studies comparing levels of IL17 in 3118 RA patients and 2725 controls [39] . These reports place Th17 cells and IL-17 in the primary target site of RA pathogenesis and offer the first proof of a causal relationship between Th17/IL-17 system and RA. Other studies further observed significant quantitative and qualitative Th17/IL-17 associations with RA variables. There are numerous reports that both in early untreated RA and in established RA the presence of Th17 cells [51] and serum and synovial fluid levels of IL-17 correlate with acute phase reactants, auto-antibodies, disease activity score (DAS28) [58] , disease severity (structural damage) [48] , disease duration [42] and even RA-related anxiety and depression [44] . After its involvement in the early stages of disease development, IL-17 stimulates chronic synovial inflammation [6] by acting at a cellular level in all of the active joint components (synovium, blood vessels, cartilage, bone) with additive effect to other pro-inflammatory cytokines (Table I) . This IL-17-sustained chronic inflammation translates clinically in persistent arthritis, which eventually leads to irreversible tissue damage. Most of the modern clinical management of RA patients aims to prevent the formation of bone erosions and to slow down their progression, since they are associated with irreversible joint damage and a low quality of life. At this end of the pathological process in RA, IL-17 plays an important role in regulating the activity of osteoclasts (the cellular mediators of joint erosions). IL-17 stimulates osteoclastogenesis from monocytes [34] via the receptor activator of nuclear factor κ-B ligand (RANKL) [64] and upregulates RANKL expression on FLS from RA joints [33] , leading eventually to the characteristic histopathological RA bone erosion [12] . CCL -chemokine (C-C motif) ligand; COX -cyclooxygenase; CXCL -C-X-C motif chemokine ligand; ICAM -intercellular adhesion molecule; IL -interleukin; FLS -fibroblast-like synovial cells; GM CSF -granulocyte-macrophage colony-stimulating factor; MMP -matrix metalloproteinase; mRNA -messenger ribonucleic acid; NO -nitric oxide; PG -prostaglandin; TLR -toll-like receptor; VEGF -vascular endothelial growth factor.
Since IL-17 seems to play a key role in the pathogenesis of RA and animal models of induced arthritis [35] showed promising results when interfering with this cytokine, IL-17 became a viable therapeutic target [75] . A meta-analysis from 2016 by Kunwar et al. [36] aggregated seven double-blind placebocontrolled randomized clinical trials (RCT) of anti-IL-17 therapy (brodalumab, ixekizumab and secukinumab) in 1226 patients with active RA (905 patients on anti-IL-17 agents and 321 patients on placebo). In terms of treatment response compared to placebo, anti-IL-17 agents generally had a significantly higher efficacy in achieving American College of Rheumatology 20 (ACR20) and ACR50, but not ACR70 response. The efficacy analysis on individual molecules revealed that secukinumab and ixekizumab were effective in generating ACR20 responses, but brodalumab was not. In terms of safety, anti-IL-17 therapy did not significantly increase the overall risk of any side effects compared to placebo, but the analysis of individual side effects revealed an increased risk of infection. Secukinumab Secukinumab is a recombinant fully human monoclonal IgG1κ antibody designed to bind to IL-17A, neutralizing its pro-inflammatory effects. The drug is currently approved for the treatment of plaque psoriasis, psoriatic arthritis and ankylosing spondylitis. Secukinumab has a good safety profile, the most frequent adverse reactions being upper respiratory tract infections, oral herpes and diarrhoea which most often resolve with symptomatic treatment. There are several published randomised controlled trials (RCTs) of secukinumab treatment in RA [36] that show mixed results in terms of efficacy endpoints, such as ACR20 response at 3-6 months (Table II) . At present, there are also three RCTs of secukinumab in RA under way (NCT01770379 [14] , terminated early for non-safety reasons, NCT01377012 [13] and NCT01901900 [15] ), but the available results from the first two studies revealed a similar pattern. Ixekizumab Ixekizumab is a humanized IgG4 monoclonal antibody that binds to IL-17A and it is approved for the treatment of plaque psoriasis. Clinical trials have revealed that it has a good safety profile and that the most common side effects include upper respiratory tract infections, tinea infections, oropharyngeal pain, nausea and injection site reactions. A phase II RCT with different doses of ixekizumab, administered subcutaneously at 0, 1, 2, 4, 6, 8 and 10
weeks, was carried out on 260 biologic-naïve and 188 anti-TNFα-failure RA patients using ACR20 at 3 months as the primary outcome [24] . The proportion of patients achieving the primary endpoint under ixekizumab was double, compared to placebo in the 30 mg biologic-naïve group and in the 80 mg anti-TNFα-failure group (p < 0.05). Only the highest dose regime of ixekizumab (180 mg) achieved a significantly higher proportion of patients in DAS28 remission and low disease activity compared to placebo after 3 months of treatment.
A total of 201 biologic-naïve and 99 anti-TNFα-failure RA patients completed the double blind phase of the trial and entered in the open label phase [21] . There were no additional safety concerns, the responders from the double blind phase maintained their benefit after one year of treatment and the proportion of former placebo recipients achieving ACR20-70 responses was similar to the original double blind phase. The authors concluded that phase III trials of ixekizumab in RA are warranted. Brodalumab Brodalumab is a fully human monoclonal IgG2 antibody designed to bind to IL-17RA in order to prevent IL-17 pro-inflammatory signalling. It is currently approved for the treatment of plaque psoriasis and its most common side effects include influenza, tinea infections, neutropenia, headache, gastrointestinal manifestations, fatigue and musculoskeletal symptoms. A single RCT with three doses of brodalumab was carried out on 252 methotrexate-failure RA patients [57] . The proportion of patients achieving ACR20-70 responses after 3 months with brodalumab was not significantly different compared to placebo. The study did not raise any specific safety concerns.
Discussion
The first question and the most relevant is whether IL-17 therapy is efficacious in treating active RA. According to the only meta-analysis available [36] , anti-IL-17A agents can induce meaningful treatment ACR-defined responses compared to placebo. There are controversies regarding this observation, namely the existence of negative results reported by the secukinumab RCTs (Table II) and the general low magnitude of the induced clinical response with anti-IL-17A agents. A certain amount of variation is anticipated in RCTs with different study designs and different study populations in terms of age, gender distribution, disease duration, disease severity, prognostic factors (e.g., serology, baseline acute phase reactants, radiographic scores) and treatment history (treatmentnaïve, methotrexate-failure, anti-TNFα-failure). Is this variation enough to justify negative results of secukinumab? Since anti-TNFα agents consistently register better results than placebo and methotrexate irrespective of treatment history [18] , this seems improbable. Given that anti-IL-17A agents display a certain/high degree of efficacy, it must be that there is a specific clinical and/or biochemical profile of anti-IL-17A responders which remains to be defined. The identification of biomarkers for the treatment outcome in RA patients is warranted and it seems that these should not exclude anti-IL-17A therapy [17] . Given that the results have shown that IL-17 contributes to RA pathogenesis from the observable start/onset of the disease, it is reasonable to hypothesis that the earlier the treatment is initiated, the better the treatment results. Therefore, exploratory studies with anti-IL-17A treatment of patients in preclinical stages (arthralgia due to possible progression to RA, asymptomatic auto-immunity) and early clinical stages (early RA, disease duration less than 6 -12 months) are warranted. Both of these hypotheses are supported by the therapeutic behaviour of IL-17 inhibition in other disease phenotypes. Anti-IL-17A agents secukinumab and ixekizumab and IL-17RA inhibitor brodalumab were effective for psoriasis and psoriatic arthritis [49] and secukinumab was effective for ankylosing spondylitis [5] . However, safety reports from these RCTs revealed the risk of Crohn's disease exacerbation, knowing the IL-17 is a significant pathogenic factor in this disease [52] , a paradoxical effect which was also demonstrated in controlled trials [31] . It seems that the involvement of the Th17/IL-17 system in RA and Crohn's disease compared to its involvement in psoriasis, psoriatic arthritis and ankylosing spondylitis is either completely different or is supported by different (combinations of) pathogenic factors which remain to be explained. Since Crohn's disease is more frequently associated with spondyloarthritis than with RA and since all these diseases respond well to anti-TNFα agents, it is possible that the crucial role of the Th17/IL-17 system in RA is related to increasing the risk of the disease and to initiating inflammation and targeting synovia, its role becoming less and less preeminent as the chronic pathogenic process unfolds.
Conclusions
The newly discovered Th17/IL-17 system undoubtedly drives an important pathogenic pathway leading to and sustaining chronic inflammation in RA. Evidence suggests that the treatment-sensitive involvement of Th17/IL-17 system occurs early in the disease process.
This would explain the seemingly low success of anti-IL-17 targeted therapy in RA studies so far. RCTs designed to include asymptomatic and early symptomatic RA patients are needed to confirm this hypothesis.
